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(Nagata 1990; Itano and Toh 2001; Waleffe 2003; Kawahara and Kida 2001;
Kato and Yamada 2003; Kawahara 2005; van Veen, Kida and Kawahara 2006; Viswanath
2007). ,






, 3 (Kida-Pelz )






. , Couette Navier-Stokes
(Kawahara and Kida 2001; Kawahara 2005).
$Re=400$, $(L_{x}, L_{z})=(1.755\pi, 1.2\pi)$ (Hamilton,
Kim and Waleffe 1995) ( 1,
1 ), 1 $I$ ,









Fig. 1. Unstable manifold on sections $I+D=5.0,5.5,6.0,6.4$ and trajectory
representing transition to turbulence. Dots are attached to intersection points
of the trajectory at $I+D=5.0,5.5,6.0,6.4$ .
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. $v$ ,
$v=A(y-1)^{2}(y+1)^{2}[ \sin(\frac{2\pi x}{L_{x}})+\sin(\frac{2\pi z}{L_{z}})]$
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Fig. 2. Comparison of flow structures $(a),$ $(b),$ $(c),$ $(d)$ at the unstable manifold
and $(e),$ $(f),$ $(g),$ $(h)$ along the trajectory for transition to turbulence at sections
$I+D=5.0,5.5,6.0,6.4$ . $(a),$ $(e)I+D=5.0;(b),$ $(f)I+D=5.5;(c),$ $(g)$
$I+D=6.0;(d),$ $(h)I+D=6.4$. The isosurfaces of Laplacian of pressure
colored depending on the positive and negative streamwise vorticity, and null
streamwise velocity are shown in one periodic box. The vertical and horizontal





, Kolmogorov Kida (1985)




, $x=(x_{1}, x_{2}, x_{3})$ $2\pi$
. $0\leq x_{1},$ $x_{2},$ $x_{3}\leq 2\pi$ (Kida 1985) , $x_{1}=\pi$ ,
$x_{2}=\pi,$ $x_{3}=\pi$ 3 , $x_{1}=x_{2}=\pi/2$ ,
$x_{2}=x_{3}=\pi/2,$ $x_{3}=x_{1}=\pi/2$ 3 $\pi/2$ .
, $x_{i}=n\pi$ $(i=1,2,3;n=0, \pm 1, \pm 2, \cdots)$
. , $0\leq x_{1},$ $x_{2},$ $x_{3}\leq\pi/2$
1 ( $u_{1}$ ) 3 .
.
, .
, ( ) $k=\sqrt{11}$ ( $x_{1}$ )
$u_{1}(x_{1}, x_{2}, x_{3})=\sin(x_{1})[\cos(3x_{2})\cos(x_{3})-\cos(x_{2})\cos(3x_{3})]$
Fourier
. Navier-Stokes , Fourier ,
Runge-Kutta-Gill (Kida and Murakami 1989).
, Navier-Stokes Poincar\’e
, Newton-Raphson (van Veen,
Kida and Kawahara 2006).
, $\nu=3.5\cross 10^{-3}$ , 12$8^{}$
(van Veen, Kida and Kawahara
2006) . ( )
$\overline{\epsilon}=0.10$ ,
. (Taylor ) Reynolds $Re_{\lambda}=67$ .
$2\pi$ Kolmogorov $\eta=(\nu^{3}/e)^{1/4}$ 246 .
, 2.6 , Poincar\’e
$T_{R}$ 4.9 , Kolmogorov $(\nu/g)^{1/2}$ 58 .
3( ) , 3 ,
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, ( 3 ). $t/T_{R}\approx 0.2\sim 0.8$ , 1.4 $\sim$ 1.7,
3 $\sim$ 3.8 4 $\sim$ 46 4 , 2
, .
$\epsilon$
Fig. 3. Excess from temporally-averaged energy spectrum as a function of
wavenumber and time (left) and spatially-averaged energy dissipation as a func-
tion of time (right). Contour levels of the energy excess, which is normalized by
the standard deviation of the energy spectrum, are $0,$ $\pm 0.25,$ $\pm 0.5,$ $\pm 1,$ $\pm 2$ , and
positive excess is shaded. The horizontal dotted lines denote the time of a local
maximum of the energy dissipation, and the vertical dashed line indicates the
temporal average of the dissipation. Black dots represent the ‘wavenumber’ cor-
responding to the length-scale of twelve pairs of counter-rotating tubular vortices
visualized in Fig. 4.
, Reynolds
. $Re_{\lambda}=83$
(Kerr 1990) , $Re_{\lambda}=186$




. $t’ T_{R}\approx 3\sim 3.8$ ,
. , $tT_{R}\approx 0.2\sim 0.8$ ,
$t’ T_{R}\approx 1.4\sim 1.7$ , ,
.
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Fig. 4. Vortical structures in the domain $0\leq x_{1},$ $x_{2},$ $x_{3}\leq\pi$ at time $(a)$
$tT_{R}=4.17,$ $(b)4.31,$ $(c)4.45$ , and $(d)4.59$ . Vortex tubes are visualized by
gray isosurfaces of the magnitude of vorticity, $|\omega|^{2}=7\overline{|\omega|^{2}}$.
4 , ,
$c=(\pi/2, \pi/2, \pi/2)$ $0\leq x_{1},$ $x_{2},$ $x_{3}\leq\pi$ . $c$
( 4 ) 12 $[$ 4 $(a)]$ ,
$c$ $[$ 4 $(b)]$ . $(t’ T_{R}=4.25)$
$\epsilon$ ( 3 ).
$c$ $[$ 4 $(c)]$ , $[$ $4(d)]$ .
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12 24 $c=(\pi/2,$ $\pi/2,$ $\pi/2)$ $l^{3}$
$V(c|l)$ $\partial V(c|l)$
$\omega(l;t)=[\frac{1}{6l^{2}}\int\int_{\partial V(C|1)}\omega|^{2}dS]^{1/2}$
, $\omega(l;t)$ $l=l_{\max}(t)$ ,







Fig. 5. Energy transfer between two length-scales, $l$ and $l2$ , at the center,
$(x_{1}, x_{2}, x_{3})=(\pi/2, \pi/2, \pi/2)$ , of shrinking twelve pairs of counter-rotating vor-
tices. The energy transfer rate is shown at time $t/T_{\dot{R}}=4.19$ (solid line), 4.25
(dotted line), 4.37 (dashed line), 4.48 (dotted-dashed line), and 4.59 (dotted-
dotted-dashed line). The thick vertical lines represent the length-scale of twelve
pairs of vortices $l_{\max}$ at corresponding times.
, Goto $($ 2008)
$T(x, t|l)= \tilde{T}(x, t|l)-\frac{1}{V’(x|l)}\iiint_{V},\tilde{T}(x’, t|l/2)dV’$
. , $V’(x|l)= \int\int\int_{V’(X|l)}dV$’ $V(x’|l’ 2)\subset V(x|l)$ $x’$
,
$\tilde{T}(x, t|l)=\frac{1}{l^{3}}\iiint_{V(X|l)^{\frac{\partial}{\partial t}\frac{1}{2}}}[u(x’, t)-\langle u(x, t)\}_{l}]^{2}dV’$
. , $\langle\cdot\rangle_{l}=\int\int\int_{V(X|l)}(\cdot)dV’/l^{3}$ . $T(x, t|l)$ $l$ $l2$
, $T(x, t|l)$ ( )
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